The post-translational integration of tail-anchored proteins at the endoplasmic reticulum represents a novel and distinct pathway for membrane protein synthesis. Studies of various precursors, exemplified by the synaptobrevins and cytochrome b5, indicate that multiple routes may facilitate their biosynthesis. There is clear evidence that both cytosolic factors and membrane components facilitate the efficient membrane insertion of at least some tail-anchored proteins. However, the nature of these mediators is currently unknown and their identification will be an essential step in defining the molecular basis of tail-anchored protein biogenesis.
What is a tail-anchored protein?
Tail-anchored proteins are found in most eukaryotic organelles and are characterized by the C-terminal location of their only subcellular targeting signal, which doubles as a transmembrane anchor after insertion into the appropriate lipid bilayer [1] . Insertion of most membrane proteins at the ER (endoplasmic reticulum) occurs via a 'classical' cotranslational pathway that is dependent on the SRP (signal recognition particle)-mediated delivery of ribosome-bound nascent chains to the Sec61 translocon of the ER membrane [2] . In contrast with this classical pathway, the relative location of the targeting signal within the polypeptide dictates that the membrane integration of tail-anchored proteins occurs in an atypical and post-translational manner [1, 3] . Furthermore, the structure of tail-anchored proteins entails that, often, only two or three hydrophilic residues must be translocated across the membrane (see Figure 1) . Hence, the processes that underlie the insertion of tail-anchored proteins may differ from the Sec61-mediated integration of proteins with much larger hydrophilic regions that must be translocated across the membrane during biogenesis (see [2] ).
Both the ER and the mitochondrion have been shown to be competent for the post-translational integration of tail-anchored proteins, with many precursors being targeted specifically to one or the other and several capable of integrating into both of these compartments [3] . During the last decade, many examples of tail-anchored proteins have been identified (see [1] ), and it is clear that these components play a major role in a variety of cellular processes, including protein translocation, lipid biosynthesis, vesicle trafficking and apoptosis. A number of studies have shown that the ER is the primary site for the biosynthesis of tail-anchored proteins that are ultimately destined for locations throughout
The mainline?
The precise pathway by which tail-anchored proteins are delivered to, and inserted into, the correct organellar membrane remains only partly characterized and ill-defined [3] . However, the synaptobrevins, or vesicle-associated membrane proteins, have provided a well-characterized model that has been used in a number of studies aimed at elucidating the molecular mechanisms of tail-anchored protein biosynthesis. The first in vitro study of synaptobrevin biogenesis confirmed that its membrane integration at the ER can occur posttranslationally, which is consistent with a novel targeting pathway that does not involve the well-characterized SRPdependent, co-translational, targeting route [4, 7] . The posttranslational nature of tail-anchored protein integration has allowed for relatively simple manipulations of the in vitro systems used to study membrane protein synthesis. Hence, after synaptobrevin has been synthesized in a cell-free system, the translation reaction can be depleted of specific components such as nucleotide triphosphates, and the recipient membranes can be protease-treated or chemically modified. Using such approaches, it has been shown that the membrane integration of various synaptobrevins is ATP-dependent and requires one or more proteins present in the membrane of the ER [4, [8] [9] [10] [11] .
Although such data are entirely consistent with a role for cytosolic chaperones in promoting the ATP-dependent delivery of the synaptobrevins to the ER, at present, a role for alternative ATP-dependent factors cannot be excluded. It has also been found that the integration of tail-anchored proteins such as synaptobrevin is dependent on the translation system used for their synthesis. Hence, whereas a reticulocyte lysate will support their membrane insertion, a wheatgerm lysate will not [12] . This observation provides further support for the suggestion that one or more specific cytosolic factors During and/or immediately after the synthesis of the tail-anchored protein (steps 1 and 2), cytosolic factors most probably bind to the polypeptide chain (see [13] ). Binding of such factors may promote the membrane integration of tail-anchored proteins into the lipid bilayer either spontaneously (step 3) or, more probably, via a membrane receptor (step 4). For some precursors, these factors may require ATP hydrolysis to promote their efficient membrane integration (step 5). The precise identity of both cytosolic factors and membrane component(s) indicated in the Figure is still not clear. The biosynthesis of cytochrome b5 would involve step 1 followed by step 3 or step 4, whereas that of the synaptobrevins would require step 1 and/or step 2 followed by step 5 (see text).
facilitate this process and are probably lacking or nonfunctional in wheatgerm lysate [12] . A paradigm for the posttranslational, chaperone-dependent delivery of precursors to the ER is provided by studies of the secretory protein prepro-α factor, where eukaryotic Hsp60 (heat-shock protein 60) and Hsp70 complexes appear to contribute to its translocation in vitro [13] . However, if chaperones such as the Hsp70s do play a role in tail-anchored protein biosynthesis at the ER, this can only be part of the story, since their actions are not compartment-specific. Hence, the Hsp70s can facilitate protein translocation across the membranes of the ER, the mitochondrion and the peroxisome [3] . This strongly suggests that specificity must also arise at the level of the target organelle, perhaps in the form of specific membrane receptors that act as localized co-chaperones [14] .
For the synapaptobrevins, the region flanking the hydrophobic tail-anchor has been shown to promote their specific targeting to the ER in vitro [10] . Hence, some tail-anchored proteins destined for the ER may have bipartite signals that confer specificity of delivery, probably once again via specific receptors at the membrane [10] . The identity of such putative receptors remains elusive, and studies to date have ruled out potential candidates rather than defining functionally essential components. Studies of the post-translationally translocated secretory protein prepro-α factor show that the Sec61 translocon can act as its eventual delivery point at the ER. For this pathway, specificity is provided by a direct interaction between the N-terminal hydrophobic targeting signal of the precursor and the Sec61 complex [13] . However, for the synaptobrevins, a minimal reconstituted system has been used to show that the Sec61 translocon is insufficient to mediate their integration [4] . Taken together, these results support a model where tail-anchored proteins are integrated at the ER via a completely novel protein component (Figure 1 ), but they do not exclude the alternative that integration occurs via the Sec61 complex but that one or more additional factors absent from the minimal system are required [4] .
A recent advance in the analysis of tail-anchored protein synthesis has been the use of yeast mutants that are defective in specific components implicated previously in classical protein translocation and integration at the ER [11, 15] . In one such study, the post-translational insertion of a synaptobrevin-like protein, Nyv1p, into membranes prepared from yeast strains defective for prepro-α factor translocation was assessed [11] . No significant decrease in Nyv1p integration was detected with any of the mutant yeast strains tested, including ones with a defective Sec61 translocon. This study reinforces the view that the integration of tailanchored proteins occurs via a pathway that does not involve the Sec61 complex [11] . Conversely, both cross-linking studies and the use of chimeras incorporating a novel signal peptidase cleavage site into their luminal domain indicate that synaptobrevins do encounter subunits of the Sec61 translocon and/or Sec61 translocon-associated complexes during their biosynthesis [8, 16] . This transient association may, or may not, reflect the membrane insertion of synaptobrevin at the Sec61 translocon [8] .
The fast track?
Cytochrome b5 is an archetypal tail-anchored protein, and studies of its biosynthesis have provided a paradigm for the SRP-independent targeting of polypeptides to the ER [17] . A clear distinction between the biogenesis of cytochrome b5 and that of synaptobrevins has been the observation that the postranslational membrane association of cytochrome b5 does not require ATP [9] . Several other tail-anchored proteins also show a similar lack of dependence on ATP for efficient post-translational membrane association [9, 18] . Furthermore, cytochrome b5 that has been synthesized in a wheatgerm system can be membrane-integrated [17] . This lack of ATP dependence and broader tolerance of translation systems suggests either that cytochrome b5 integration can occur independent of cytosolic factors or that the components utilized are distinct from those that mediate synaptobrevin insertion (see Figure 1) .
Although several tail-anchored proteins display an ATPindependent membrane association, the behaviour of cytochrome b5 is further distinguished by the properties of its membrane integration, which is non-saturable and can even take place with pure phospholipid vesicles containing no protein [9] . Thus, for cytochrome b5, there appears to be no requirement for a specific integration machinery at the target membrane (Figure 1 ). Despite this apparent promiscuity, in vivo studies show that cytochrome b5 is correctly localized at the ER when expressed in cells [19] , implying some mechanism which ensures that it is specifically delivered to the correct compartment in vivo [9] .
A recent study of cytochrome b5 biosynthesis has exploited well-characterized yeast mutants [11] , in this case using an in vivo expression system to show that the integration of cytochrome b5 occurs independently of the Sec61 translocon [15] . Thus, as for synaptobrevin, studies of yeast secretion mutants suggest that cytochrome b5 utilizes a novel integration pathway at the ER. In contrast with earlier work [9] , the present study found that the integration of cytochrome b5 is dependent on ATP, although only a very low concentration of the nucleotide triphosphate is required [15] . This ATP requirement was also consistent with indirect evidence that cytosolic chaperones facilitate cytochrome b5 integration. It should be noted that, in contrast with a previous study by Kim et al. [9] , Yabal et al. [15] used a derivative of cytochrome b5 with a 21-aminoacid C-terminal extension that incorporated a site for Asnlinked glycosylation. This is a well-documented approach to establish the full translocation of the C-terminus of a tail-anchored protein into the ER lumen and has been used previously to confirm the integration of synaptobrevin and its derivatives [4, 20] . However, the possibility that such a C-terminal extension alters the precise requirements for the membrane integration of the N-glycosylated cytochrome b5 derivative relative to those of the wild-type protein cannot be excluded at present (see Figure 1 ).
Distribution from the ER
As for classical secretory and membrane proteins [21] , the ER acts as the entry point for newly synthesized tail-anchored proteins entering the eukaryotic secretory pathway [3] [4] [5] . After their integration at the ER, some tail-anchored proteins such as the β and γ subunits of the Sec61 translocon will be retained there. However, in many other cases, these proteins function elsewhere in the secretory pathway and will be sorted to the appropriate subcellular location on the basis of specific information contained within the polypeptide, such as the length and/or hydrophobicity of the tail-anchor sequence [3, 22] .
Conclusion
Although studies of the synaptobrevins and cytochrome b5 suggest that there may be two distinct pathways that can deliver tail-anchored proteins to the ER (see Figure 1) , such alternative pathways need not be mutually exclusive. Thus, as established previously for 'classical' secretory and membrane proteins [23] , although some tail-anchored proteins may utilize only one of these two putative pathways, other precursors might be able to use both. Despite the variety of studies outlined above, a full and detailed understanding of the pathway(s) underlying the biogenesis of tail-anchored proteins at the ER at present eludes us. Identification of the cellular factors that play an active role in mediating this process will be a crucial step towards addressing this deficiency in our knowledge. In this context, recent evidence that the SRP can facilitate the membrane insertion of a subset of tail-anchored proteins provides an intriguing beginning to a complete characterization of the pathways that mediate their biosynthesis [24] .
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